A secondary structure model for 23S ribosomal RNA has been constructed on the basis of comparative sequence data, including the complete sequences from E. coli. Bacillus stearothermophilis, human and mouse mitochondria and several partial sequences. The model has been tested extensively with single strandspecific chemical and enzymatic probes. Long range base-paired interactions organize the molecule into six major structural domains containing over 100 individual helices in all. Regions containing the sites of interaction with several ribosomal proteins and 5S RNA have been located, segments of the 23S RNA structure corresponding to eucaryotic 5.8S and 2S RNA have been identified, and base paired interactions in the model suggest how they are attached to 2BS RNA. Functionally important regions, including possible sites of contact with 30S ribosomal subunits, the peptidyl transferase center and locations of intervening sequences in various organisms are discussed. Models for molecular 'switching' of RNA molecules based on coaxial stacking of helices are presented, including a scheme for tRNA-23S RNA interaction.
INTRODUCTION
The last few years have seen a rapid development of the study of the large ribosomal RNAs (l, 2). in the main this reflects the introduction of rapid nucleic acid sequencing technology (3, 4) and the power of comparative sequence analysis in deducing secondary structure (5, e). Although complete elucidation of the role of ribosomal RNA in ribosome function and assembly will doubtless require considerable three dimensional structural information, our present level of understanding of the 16S RNA structure has already provided significant insight into several aspects of ribosome biology (1). In this paper we present a model for the secondary structure of 23S ribosomal RNA. As in the case of 16S rRNA (6) evidence for the correctness of the model comes largely from comparative sequence analysis. The latter is based mainly on the nucleotide sequences of the E. coli (7) and Bacillus stearothermophilus (8) 23S rRNA genes. The two organisms represent the phylogenetic extremes of the eubacteria; their 23S rRNA sequences differ in 26% of their analogous positions. These data are supplemented by sequences of the corresponding large subunit rRNAs from mammalian mitochondria (9, 10) and other partial sequences from the literature. Sites accessible to single strand-specific chemical and enzymatic probes are given as further evidence for our model.
The 23S rRNA molecule is organized by long-range base paired interactions into six major structural domains, and exhibits many of the same kinds of helical structures seen in 16S rRNA.
METHODS

23S rRNA gene sequences
The E. coli 23S rRNA sequence was reported by Brosius et al. (7) . A 23S rRNA gene from B. stearothermophilus strain 1054 was cloned in pBR 313 and pBR 322 and sequenced (8) by the method of Haxam and Gilbert (4) . The two sequences were aligned for maximum homology. Additionally, the sequences of the human and mouse mitochondrial large subunit rRNAs were used (9, 10) as well as numerous partial sequences (11) (12) (13) (14) (15) (16) (17) (18) (19) . After initial completion of our studies, the nucleotide sequence of the maize chloroplast 23S RNA gene became available (66) . Use of this additional information resulted in changes in ten of the helices in our earlier model.
Secondary structure strategy
All nucleotide differences between the two aligned sequences were marked according to whether they were transitions or transversions. Using such notation on the aligned sequences, one can readily detect base paired regions common to the two RNAs that differ significantly in sequence. Thus the derivation of the secondary structure begins with those helices for which there is the strongest comparative evidence. In this way the number of potential helices in the molecule (which number is enormous) could be reliably reduced, greatly simplifying the task of deciding among the remaining helical possibilities, for which less or no comparative evidence existed. At the same time, fitting of the mammalian mitochondrial and other sequences to the developing structure brought additional data to bear on the remaining unstructured part of the sequence. [In cases where no base replacements are found between the two bacterial sequences, the more highly diverged sequences often show differences.] Computer-generated arrays (34) were used as a source of potential helices . As with the 16S rRNA (6) only helices containing four or more base pairs were compiled; this amounts to about 4 x 10 possibilities, of which only about 100 are the true helices.
Chemical and Enzymatic Probes
Bisulfite was used as a probe of single stranded cytosines in naked 23S
RNA and in 50S subunits (26 Bisulfite-reactive sites in naked 23S RNA and SOS ribosoraal subunits have also been studied (26) . Of the 75 of these sites reliably placed, 64 occur in Here, we must conclude either that the true structure became disrupted under the experimental conditions (e.g., in the case of naked 23S RNA) or that multiple conformations are possible at these sites.
General architecture of the 23S ribosomal RNA Our secondary structure model is displayed in Fig. 1 Table I Homology between the bacterial and mitochondrial sequences is readily detectable, and with careful alignment of the respective sequences, conservation of certain secondary structure elements is also evident (cf. Table 1 ). Those helices that have clearly recognizable counterparts in the mammalian mitochondrial large subunit RNAs are indicated by a dark stripe in Figure 2 .
Interestingly, nearly all of the conserved helices are found in domains II, IV and V. Coincidentally, nearly all of the post-transcriptionally modified nucleotides also occur in domains II, IV and V. Thus domains II and IV, in addition to the well-documented case of domain V, are also likely to contain functionally indispensable regions.
Higher order structure and mechanism in 23S ribosomal RMA
The ultimate picture of ribosomal RNA will show the various helical elements in specific three dimensional arrays, interacting with other components, and in all probability undergoing movement during the process of translation.
Although the secondary structure and its present implications are a significant beginning, we are still a long way from such a conception of the ribo- An example of such a case for the 23S rRNA is helix 79 in Table 1 .
Going further, the forming and unforming of such coaxial structures, and the alternate forming of mutually exclusive coaxial structures, should be con- 
